Liensinine and neferine, a kind of isoquinoline alkaloid, can antagonize the ventricular arrhythmias. The human ether-a-go-go-related gene (hERG) is involved in repolarization of cardiac action potential. We investigated the effects of liensinine and neferine on the biophysical properties of hERG channel and the underlying structure-activity relationships. The effects of liensinine and neferine were examined on the hERG channels in the stable transfected HEK293 cells using a whole-cell patch clamp technique, western blot analysis and immunofluorescence experiment. The pharmacokinetics and tissue distribution determination of liensinine and neferine in rats were determined by a validated RP-HPLC method. Liensinine and neferine induced decrease of current amplitude in dose-dependent. Liensinine reduced hERG tail current from 70.3±6.3 pA/pF in control group to 56.7±2.8 pA/pF in the 1 µM group, 53.0±2.3 pA/pF (3 µM) and 17.8±0.7 pA/pF (30 µM); the corresponding current densities of neferinetreated cells were 41.9±3.1 pA/pF, 32.3±3.1 pA/pF and 16.2±0.6 pA/pF, respectively. Neferine had binding affinity for the open and inactivated state of hERG channel, liensinine only bound to the open state. The inhibitory effects of liensinine and neferine on hERG current were attenuated in the F656V or Y652A mutant channels. Neferine distributed more quickly than liensinine in rats, which was found to be in higher concentration than liensinine. Both liensinine and neferine had no effect on the generation and expression of hERG channels. In conclusion, neferine is a more potent blocker of hERG channels than liensinine at low concentration (<10 µM), which may be due to higher hydrophobic nature of neferine compared with liensinine. Neferine may be safety even for long-term treatment as an antiarrhythmic drug.
Introduction
Human ether-a-go-go-related gene (hERG) encodes the α-subunit of the rapid delayed rectifier potassium channel (IKr), which plays a central role in terminal repolarization of human ventricular myocytes [1] . Block of hERG channels or its native current (IKr) can lead to Human long-QT (LQT) syndrome which can be associated with syncope and sudden death [2, 3] . LQTS has become an important liability for clinically available drugs and developmental compounds. This has led to several drug withdrawals and restrictions of use [4] .
However, hERG has been regarded as an important target for the pharmacological treatment of cardiac arrhythmias by class III antiarrhythmics [5] . Recent investigations indicate that berberine and resveratrol have anti-arrhythmic effects for their inhibitory actions on hERG channels [6, 7] . Thus, interference with hERG channels seems to be the main mechanism explaining both the therapeutic actions and the potential cardiotoxicity of the structurally diverse compounds. Tremendous progress has been made toward drug-induced LQTS mechanisms, which may be attributed to direct hERG block by a diverse set of small organic molecules [8] [9] [10] . To better understand the structure-activity relationships of hERG channelblocking drugs, it was necessary to elucidate the structural conditions, which keep the delicate balance between antiarrhythmic and proarrhythmic potential.
Liensinine (lien) and neferine (nef), a kind of isoquinoline alkaloid, extracted from the seed embryo of Nelumbo nucifera Gaertn, have a wide range of biological activities, including anti-arrhythmias, antihypertension, relaxation on vascular smooth muscle, etc [11, 12] . Accumulating line of evidence supported that liensinine and neferine were effective in improving arrhythmias in vivo and in vitro models [13] [14] [15] . They blocked L-type calcium channel current and prolonged action potential duration. Up to date, the exact antiarrhythmic mechanism of liensinine and neferine remains unclear and little information is available in the literature about hERG channels blockade by liensinine or neferine and their underlying mechanisms. Therefore, the aim of this study was to investigate the effects of liensinine or neferine on hERG channels. As liensinine and neferine share a similar pharmacophore (Fig.1) , much less is known about structure-activity relationships between the compounds, we also compared the pharmacokinetics and tissue distribution of liensinine or neferine in an attempt to reveal the underlying structure-activity relationships.
In this study, we aimed to compare: (a) the effects of liensinine or neferine on the amplitude and kinetics of currents in hERG channels stably expressed in human embryonic kidney (HEK293) cells, which were evaluated using a whole-cell patch clamp technique; (b) molecular determinants of liensinine and neferine binding to hERG channel in mutant hERG channels expressed in HEK293 cells, which were measured using whole-cell patch clamp technique; (c) pharmacokinetics and tissue distribution of liensinine or neferine in rat, which were determined using a validated reversed phase high-performance liquid chromatographic (RP-HPLC) method; and (d) the effects of liensinine or neferine on hERG protein levels in HEK293 cells, which were achieved by western blot analysis and immunofluorescence experiment.
Materials and Methods

hERG -Expressing Cell Lines
HEK293 cells that stably expressed the wild-type hERG gene (provided by Professor Zhiguo Wang, Montreal Heart Institute, Montreal, Canada). Y652A (tyrosine to alanine substitution at position 652) and F656V (phenylalanine to valine substitution at position 656) mutations were generated by site directed mutagenesis of wild-type hERG cDNA. Cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM, Hyclone, UT) supplemented with 10 % (v/v) fetal calf serum (FCS, Gibco, NY) at 37°C in a humidified atmosphere of 5 % CO 2 . Stably transfected cells were then selected with 200 µM geneticin (G-418, Gibco, NY).
Reagents
Liensinine and neferine (purity of ≥ 98%, National Institute for the Control of pharmaceutical and Biological Products, Beijing, China) were dissolved in a little HCl and diluted with deionized water (pH=6.8 with NaOH) to obtain a 20 mM stock solution, which were stored at -20°C. Recordings were taken at room temperature using an Axopatch-200B amplifier (Axon Instruments, Foster City, CA) controlled by pCLAMP 9.2. Data were low-pass filtered at 1 kHz. Junction potentials were offset before formation of the giga-seal in extracellular solution. After giga-seal, the membrane was ruptured by gentle suction to establish the whole-cell configuration. The whole-cell capacitance and resistance were compensated (typically 75% ~ 85%) and the leak currents were subtracted.
In order to allow for difference in cell size, currents amplitudes were normalized to cell capacitance. Cell capacitance was read from the whole cell parameter in front panel of amplifier by adjusting to eliminate the capacitance currents in the seal test model. The mean capacitance of cells included in this experiment was 24.3±7.6 pF, and the access resistance (R a ) was 7.3±1.8 MΩ (n=10). The measured currents were normalized by whole-cell capacitance and presented as the current density (pA/pF).
The current-voltage relationships for the dose-dependent current were elicited from a holding potential of -80 mV by 4-stest pulses between -60 mV and +40 mV in 10 mV steps every 8 s. Each test pulse was followed by a repolarization step to -50 mV, which evoked large, slowly decaying outward tail-currents. To measure steady-state inactivation relationships, channels were inactivated at a holding potential of +40 mV for 2.5 s, before being recovered from inactivation at various potentials from -120 to +20 mV in 10 mV increments for 12 ms, then the resulting peak outward current at constant +20 mV as a measure of steady-state inactivation were recorded.
The effect on the onset of inactivation of the hERG current was investigated using a three-pulse protocol. The channel was initially held at -80 mV. The channel was depolarized to +40 mV for 2.5 s to inactivate the channels. A 15-ms repolarizing step to -100 mV was applied to recover inactivated channels to the open state. Following the recovery prepulse, a series of test pulses were delivered to potentials ranging from -120 to +30 mV for 90 ms. To determine recovery from inactivation, the fully activated I-V protocol was used: a 2.5 s depolarizing pulse to +40 mV to inactivate the hERG channels, followed by varying repolarizing pulses to test potentials from -120 to +30 mV for 90 ms. Graphical fits of the data were made using previously described standard equations [16, 17] .
Plasma Pharmacokinetics and Tissue Distribution Determination
The animal protocols used were reviewed and approved by the Animal Care and Ethics Committee of the Harbin Medical University (Harbin, China). Wistar rats (225-250 g) which were provided by the Harbin Medical University Animal Center (Harbin, China) were given food and water ad libitum. They were housed two to five per cage and maintained in a temperature-controlled colony room with a 12-h light/dark schedule. The rats received a 25 mg/kg dose of liensinine or neferine by tail vein injection.
For plasma pharmacokinetic studies, blood samples (250 µl) were collected at 0.083, 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 and 4.5 h after injection. The blood samples were transferred to a 1.5 ml polypropylene tube containing calparine, and the plasma was separated from whole cells by centrifugation at 15000 rpm for 10 min and then stored at -20°C until analysis. For the tissue distribution studies, rats were decapitated at 30 min, whole brain, heart, lung, liver, spleen, fat, and kidney were quickly dissected free and stored in polypropylene tubes until analysis.
Samples were analyzed for liensinine or neferine by high performance liquid chromatography (HPLC) method. A 200 µL of sample was added to an10-ml glass screw top tube containing 2 µg of dauricine as internal standard, and the tube was agitated at high speed on a mechanical shaker for 30 s. 3.0 ml of acetonitrile was added, and the tube was agitated for 30 s and centrifuged at 15000 rpm for 10 min. The top organic layer was transferred to a clear glass screw top tube and evaporated by N 2 at 40°C. The resulting residue was reconstituted with 100 µL of mobile phase and the tube was agitated for 30 s and centrifuged at 15000 rpm for 10 min. The top organic layer was transferred to crimp-top vials, and injected into a HPLC by auto-injection.
The HPLC system consisted of two pumps (LC-10AD), a UV-vis spectrophotometer detector (SPD-10AD) operated at wavelength of 282 nm, and a data processor (C-R4A) (Shimadzu, Kyoto, Japan). The analytical column was a Cosmosil ODS C18 column (250 mm x 4.6 mm, 5 µm particle size). A 1:2:2 v/v/v solutions of methanol/ acetonitrile/ triethylamine (0.2%) were used as the mobile phase. The mobile phase was filtered, degassed and pumped at a flow rate of 1.0 ml/min. Standard curves were constructed from spiked blank blood or tissue prepared under the conditions described above. Range of concentrations for the standard curve was between 0.5 and 50 µg/ml of the appropriate drug.
The concentration of drug in each unknown sample was determined by solving the linear calibration curve equation for each corresponding drug/internal standard ratio. For plasma and tissue distribution assays, the regression coefficient (r)> 0.99 , Inter-and intra-assay variability were acceptable with no more than 10% coefficient of variation. Recovery of all compounds from tissue was>80%.
Western Blot Analysis
The expression of high levels of hERG protein was monitored using western blot experiments. Drug was diluted and added to hERG-HEK cells for 24 h at 37°C before analysis by Western blot. The cells were washed using ice-cold phosphate-buffered saline, and total protein was extracted. Protein (150 µg) per sample was separated using SDS-PAGE, transferred onto nitrocellulose membranes (Stratagene, La Jolla, CA) and incubated with primary antibodies against GAPDH (Affinity Reagents) and specific polyclonal rabbit anti-hERG antibody (Santa Cruz Biotechnology, CA) at 1:100 dilution. Goat
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anti-rabbit Alexa Fluor 700 (dilution 1:2000, Molecular Probes, Eugere, OR) was used as a secondary antibody. The Odyssey infrared fluorescent scanning system (LI-COR, Lincoln, NE) was used to detect membrane proteins. The band densities were quantified by densitometry, using Scion Image software (Scion, Frederick, MD). Data were normalized to GAPDH.
Immunofluorescence After 24 h of incubation in DMEM with or without drugs, culture media was removed and hERG-HEK cells were fixed in 4% paraformaldehyde for 15 min at room temperature. After washes with PBS, cells were permeabilized for 1 h with 0.4% Triton X-100 in PBS, blocked in 5% bovine serum albumin for 5 h at room temperature, and incubated overnight at 4°C with primary antibody (rabbit anti-hERG, 1:100, Santa Cruz Biotechnology, CA). After rewarming, cells were incubated in the dark with the secondary antibody (goat anti-rabbit Alexa Fluor 488, 1:100, Molecular Probes, Eugere, OR) for 2 h at room temperature. Samples were washed with PBS before mounting onto the microscopic slides for examination using laser confocal microscopy (Olympus, Japan). Control and treated cells were cultured and prepared for microscope in parallel.
Statistical Analysis
Data were presented as mean ± standard error of the mean (SEM), unless otherwise specified. Statistical comparisons were made using unpaired Student's t-test. P-values<0.05 were interpreted as being statistically significant. Plasma concentration versus time data from each individual experiment was evaluated by noncompartmental analysis as well as a twocompartment model using the DAS (Drug and Statistics for Windows) version 2.1program (Kontron Elektronik GMBH, Germany).
Results
Concentration Dependence of hERG Channel Blockade
The effect of liensinine or neferine on the hERG current-voltage (I-V) relationship was shown in Fig. 2 . Currents were recorded first under control conditions, and then liensinine or neferine was added into the bath for 10 min, with the cell kept at the holding potential, before current recording commenced in the presence of drug ( Fig. 2A) .
Liensinine and neferine blocked hERG tail current in a dose-dependent manner ( Fig. 2B and C) . At drug concentrations of 1, 3, 10 and 30 µM, the tail-current amplitude at 10 mV were measured. Liensinine reduced Dong/Zhao/Gu/Shi/Zhang/Hu/Hu/Yang/ Li   Fig. 2 . Dose-dependent blockade of hERG channel. (A) Representative hERG current traces in control and in the presence of liensinine or neferine were recorded using the pulse protocol shown. I-V relationships for the tail current in the absence and presence of liensinine (B) or neferine (C).At drug concentrations of 1, 3, 10 and 30 µM, the tail-current amplitude were measured for each voltage were normalized to wholecell capacitance to obtain the current densities (pA/pF). Average values were described as mean ± SEM, n=10 HEK293 cells that stably expressed HERG channels. *P<0.05, **P<0.01 vs. control.
Cell Physiol Biochem 2012;29:431-442 hERG tail current from the control value of 70.3±6.3 pA/ pF to 56.7±2.8 pA/pF in the 1 µM group (P>0.05), 53.0±2.3 pA/pF in the 3 µM group (P<0.05), 27.5±4.6 pA/pF in the 10 µM group (P<0.01) and 17.8±0.7 pA/pF in the 30 µM group (P<0.01); the corresponding current densities of neferine-treated cells were 41.9±3.1 pA/ pF(P>0.05), 32.3±3.1 pA/pF(P<0.05), 25.7±3.9 pA/pF (P<0.01) and 16.2±0.6 pA/pF (P<0.01), respectively. Thus, compared with the control, 3, 10, 30 µM liensinine and 3, 10, 30 µM neferine had statistically significant inhibitory effects on I hERG-tail . When the low concentration (<10 µM), neferine was a more potent blocker of hERG channels than liensinine. that increased from -40 mV to 0 mV and, due to the fast C-type inactivation of hERG channels; it decreased with further depolarization. Liensinine or neferine at a concentration of 30 µM inhibited the hERG tail current at all test potentials. The blockade was enhanced with stronger depolarization between -10 and +40 mV (Fig. 3B ). This change of liensinine was similar with neferine.
Voltage Dependence of hERG Channel Blockade
Modulation of hERG Channel Kinetics
Previous study showed that drugs that blocked ion channels often altered the voltage dependence or kinetics of channel gating. To compare the quality of liensinine and neferine, therefore, we examined the effects of liensinine and neferine on the voltage dependence of activation and rectification, and on the kinetics of inactivation and de-inactivation. The activation curves were constructed by normalizing the tail currents recorded with the protocol used in Fig. 2 . The normalized data were plotted against the test pulse potentials and fitted to the Boltzmann function (Fig. 3C) . The activation curves showed that the threshold voltage for hERG current activation was close to -50 mV and that it was fully activated with voltage steps to +10 mV. The rate of activation was similar before and after exposure to The effect on the onset of inactivation of the hERG current was investigated using a three-pulse protocol. With the instantaneous I-V protocol, current for onset of inactivation were recorded (Fig. 4B) . The onset-ofinactivation curves in the absence and presence of 30 µM liensinine or neferine were shown in Fig. 4E . The time constant for the onset of inactivation was obtained by fitting a single exponential function to the decaying current traces during the third pulse of the protocol. Fig.  4F showed that inactivation was accelerated in the presence of 30 µM liensinine or neferine at test potentials ranging -10 and +30 mV.
To determine recovery from inactivation, the fully activated I-V protocol shown in Fig. 5A was used. The prepulse potential at +40 mV was positive enough to induce full conductance of the hERG channels but also rendered a large number of the channels in the inactivated state. The peak currents before and after 30 µM drug during repolarization steps were plotted as a function of voltage (Fig. 5B) . The time constant for recovery from inactivation was determined by fitting a single exponential function to the initial increase in tail-current amplitude at potentials between -60 and -20 mV (Fig. 5C ). 30 µM liensinine or neferine decreased the time constant of recovery from inactivation.
Molecular Determinants of Liensinine and Neferine Block of IhERG
To study if the liensinine and neferine interact with the putative binding domain, we analyzed their action on Molecular Determinants of hERG Channel Block by Lien and Nef   Fig. 6 . Liensinine and neferine inhibit hERG current by assessing the Y652 and F656 amino-acid residues.(A-C) Representative current traces of wild type (WT)-, Y652A-and F656V-hERG channels in the absence (Con) and presence (Lien) of 100 µM liensinine. (D) Summary of mean current remaining with 100 µM neferine, 300 µM neferine, 100 µM liensinine, 300 µM liensinine, inhibition of Y652A-and F656V-hERG by the indicated compounds was significantly weaker (*P<0.05, **P<0.01) than inhibition of WT-hERG. Normalized tail current = current densities (pA/pF) (drug) current densities (pA/pF) (control). n=6 batches of cells for each group. selected hERG channel mutants (Y652A and F656V) . We compared the current inhibition of wild type (WT) and mutants Y652A and F656V by all compounds. Fig. 6 showed representative currents recorded from HEK293 cells expressing WT (Fig. 6A), Y652A (Fig. 6B) and F656V (Fig. 6C) in the absence and presence of 100 µM liensinine. Fig. 6D illustrated the effects of the liensinine and neferine on mutants Y652A and F656V. The drug concentrations were chosen to induce 90% inhibition of WT hERG channels (range: 100-300 µM). The mutant F656V channel almost completely lost sensitivity to all compounds, while the Y652A channel showed a reduced sensitivity to liensinine and neferine.
Pharmacokinetics of Liensinine and Neferine
Concentrations of the liensinine and neferine were measured in plasma at various time points after tail vein injection 25 mg/kg of drug. As shown in Fig. 7A , there were mean plasma concentration-time curves of liensinine and neferine. Rapid absorption of both two compounds was apparent by the absence of points in the absorption phase. Average peak levels of two drugs occurred within 5 min of injection. The distribution half-life (t 1/2 ) of liensinine (0.22 ± 0.04 h) was greater than the half-life of the neferine (0.21 ± 0.03 h), the corresponding k values were1.52 ± 0.84 and 1.94 ± 0.59, respectively.
Tissue Distribution of Liensinine and Neferine
For the tissue distribution studies, samples were analyzed for liensinine or neferine by HPLC method. Table1 showed levels of each compound measured in rat tissue at 30 min after by tail vein injection of 25 mg/kg dose of liensinine or neferine. Distribution patterns of each drug were quite different from each other. For liensinine, the order of tissue concentration at 30 min was kidney> lung> heart > liver> spleen >fat. The neferine was distributed with the order lung>kidney> spleen >heart > liver> fat (Fig. 7B) .
Effects on hERG Protein Levels
Western blot analysis was used to identify the effect of drugs on hERG protein expression in HEK cells stably transfected with hERG channel (Fig. 8) . Antibody directed against the N terminus (anti-N) was used to probe for hERG protein. Table 1 . Drug concentration in rat tissues after intravenous administration of liensinine or neferine (mean ± SEM, n=6). *P<0.05, **P<0.01.
with an apparent molecular mass of 155 kDa and a lower band with an apparent molecular mass of 135 kDa (Fig.  8A) . To test the effects of two drugs on the expression of hERG channels, hERG-transfected HEK293 cells were treated with 0 (control), 1, 3, 10 and 30 µM of either drug for 24 h. Western blot analysis was then performed. There was no significant difference in the expression of hERG protein between the liensinine or neferine-treated groups and the control group after 24h (Fig. 8B) .
The localization of hERG channel proteins was then studied by immunofluorescence experiments. Cells were plated for 24 h, fixed, and labeled with anti-hERG antibody. Photographs were then taken with a confocal microscope and merged. As shown in Fig. 8C , there was no significant difference in fluorescence intensity between 1, 3, 10, and 30 µM liensinine or neferine-treated groups (The data was not shown.) and control group. This was coincident with the results from western blot analysis.
Discussion
In previous studies, it had been demonstrated that liensinine could antagonize the ventricular arrhythmias induced by aconitine in rats, ouabain in guinea pigs and coronary occlusion-reperfusion in rats [13] . Moreover it markedly prevented the guinea pigs from developing ventricular fibrillation induced by adrenaline. In other studies, neferine could markedly inhibit the ventricular arrhythmias induced by aconitine in rats [18] , myocardial ischemic damage in dogs [19] . They found liensinine and neferine prolonged the action potential duration and inhibited the Ca 2+ current. The rate of repolarization is determined by a team effort of several ion currents such as L-type calcium current, the rapid delayed rectifier K + current. Although these studies suggested an antiarrhythmic action of liensinine and neferine in animals, little is known about their electrophysiologic effects on Ikr channel. Based on these results of animal studies, firstly, we had compared the effects of liensinine and neferine on hERG channels using a whole-cell patch clamp technique in this paper.
In present study, liensinine and neferine inhibited hERG tail current in a dose-dependent manner. Both liensinine and neferine were potential hERG channel blockers. Single hERG channels are either closed, open or inactivated, depending on transmembrane voltage [20] . Different drugs exhibit various affinities for the three states, such as most drugs [21] [22] [23] , bind preferentially to the open and/or inactivated channel states. In our experiment neferine shifted the activation and inactivation curve in a negative direction, but not liensinine (Fig. 3C and Fig. 4C ). These results suggest that neferine has a higher binding affinity for the inactivate state. In the fully activated I-V protocol (Fig. 5) , where the full conductance of the hERG channels were induced, liensinine or neferine inhibited hERG current even at a hyperpolarizing potential of -120 mV. These findings suggest that both drugs bind to hERG channels that are in the open state and voltage-dependence of hERG channels inhibition by neferine is more notable. We also observed drugs caused obvious decrease of the time constant of onset of inactivation and recovery from inactivation ( Fig. 4F and Fig. 5C ). These findings suggest that both drugs tend to become 'trapped' inside the channel on open state or bind to activation gate of hERG channels that are in the closed state. In addition, the time constants after exposure to neferine were smaller than that after liensinine. These results suggest that neferine has a higher binding affinity than liensinine.
The structural requirement for drug binding in hERG channels was characterized in detail recently [24, 25] . Alanine scanning mutagenesis revealed that the putative binding sites of most hERG inhibitors comprise three residues at the base of the selectivity filter (Thr623, Ser624 and Val625) and four on the S6 transmembrane helix (G648, Y652, F656 and V659) [20, 26] . Aromatic aminoacid residues (Y652 and F656) in the S6 domain were the most important molecular determinants of drug binding [27] , which were thought to mediate direct block of I hERG . To study if the liensinine and neferine interact with the putative binding domain, we have analyzed their action on selected hERG channel mutants (Y652A and F656V). In present study, the inhibitory effect of liensinine and neferine on hERG current was almost completely abolished in the F656V mutant channels and partially Cell Physiol Biochem 2012; 29:431-442 attenuated in the Y652A mutant channels (Fig. 6D) . The result clearly shows that the binding sites (Y652 and F656) in the pore-S6 region of hERG mediate the direct liensinine and neferine -induced current block. So salient features that can be speculated: (i) liensinine and neferine access the channel from the cell interior after crossing the cell membrane; (ii) a large inner cavity and the aromatic amino-acid residues Y652 and F656 may interact with blocking drugs by cation-π and π-stacking interactions [27] ; (iii) liensinine and neferine tend to inhibit open of the activation gate; (iv) channel inactivation may act, directly or indirectly, to stabilize binding of neferine and (v) on channel closure liensinine and neferine can be retained within the channel.
Published pharmacophore models of hERG channel blockers typically have three important chemical features, (a) hydrophobic group, (b) ring aromatic group, and (c) hydrogen bond acceptor lipid group [28] [29] [30] , where hydrophobic nature is a key factor effecting on drugs crossing the cell membrane and accessing the channel from the cell interior. To study the antiarrhythmic QSAR of liensinine derivatives, six derivatives were synthesized via acylation and etherification on its two phenol hydroxyl groups. Through the arrhythmic model induced by aconitine in rats, the antiarrhythmic effects of these derivatives were evaluated. They found that the higher antiarrhythmic activities were showed when the phenol hydroxyl groups of liensinine were substituted by the lipophilic groups [31] . The structures of liensinine and neferine are similar. The only difference is that neferine has more a methyl than liensinine (Fig.1) . Overall, the methyl as hydrophobic group, improves the hydrophobic nature of neferine, which may be the structure basis that neferine has stronger hERG inhibition compared with liensinine. To further investigate the hydrophobic and distribution nature in vivo of liensinine and neferine, we used HPLC method to analyze plasma pharmacokinetics and tissue distribution from rat (Fig. 7) . Much like the case with the electrophysiological assessments, the tissue distribution data was difficult to place within the context of currently available literature because of the differences in dose and analysis method of drug. Nonetheless, qualitative comparisons could be made between liensinine and neferine in our results.
Liensinine and neferine were quickly absorbed and reached peak levels within the first 5 min of tail vein injection. In addition, the distribution half-life of neferine obtained in the study was 0.21 ± 0.03 h, which was smaller than distribution half-life of liensinine (0.22 ± 0.04 h), the corresponding k value of neferine (1.94 ± 0.59) was greater than liensinine (1.52 ± 0.84). It indicated that the distribution rate of neferine was faster than liensinine. Organ distribution patterns are complicated by several factors. The most important determinants of organ distribution appear to be lipid solubility, perfusion and extraction efficiency of each tissue, and inherent tissue affinity for the drug [32] . As shown in Fig. 7B , the neferine was found to be higher in concentrations than the liensinine in rat organs. The results of the study prove that the hydrophobic nature of neferine is stronger than liensinine, which is coincident with the results from electrophysiological analysis. Moreover, the result of tissue distribution showed that the levels measured in rat heart was 4.7±1.2 µM for liensinine versus 11.1±6.8 µM for neferine after 30 min by tail vein injection of 25 mg/kg dose of drug. From the electrophysiological and tissue distribution results, we can suggest that low concentration liensinine and neferine C < 10 µM is more significant in vitro and in vivo research.
WT hERG channel protein consists of two bands (135 and 155 kDa) on western blot analysis, corresponding to the immature and mature forms of hERG channel protein, respectively [33] . The 135-kDa band is the coreglycosylated form located in the endoplasmic reticulum, and the 155-kDa band is the complex glycosylated which is synthesized in the endoplasmic reticulum and transported to the cell surface via the Golgi apparatus. Previous studies have shown that some drugs, such as arsenic trioxide and pentamidine inhibit hERG protein trafficking rather than directly inhibiting the channel action [34, 35] . On the other hand, some drugs not only directly block hERG channel, but also indirectly disrupt channel protein trafficking. Ketoconazole, fluoxetine and norfluoxetine inhibit both ion conductivity through the hERG channels and protein trafficking [33, 36] . The findings add complexity to understanding the mechanisms that cause pro-arrhythmic and antiarrhythmic effects. In the present study, beside the acute effects of drugs for the direct hERG channel block as stated above, the chronic effects were observed at concentrations1, 3, 10, and 30 µM of liensinine and neferine for the hERG channel protein expression. When the cells were cultured for 24 h in the absence or presence of neferine, there was no significant effect on the expression of hERG protein (The data was not shown.). This was coincident with our previous results [37] . Compare to neferine, the effect of liensinine on hERG protein expression was studied with both western blot analysis and laser-scanning confocal microscopy method. The result showed that both the 135 kDa band and the 155 kDa band were present and there Cell Physiol Biochem 2012; 29:431-442 was no significant difference between the absence and presence of liensinine (Fig. 8B and C) . These findings indicate that both of liensinine and neferine do not affect the processing of the core-glycosylated, surface membrane expression of the hERG polypeptide. In other words, for long time application of liensinine and neferine, there is no effect on the synthesis and expression of hERG protein.
hERG has been regarded as an important target for the treatment of arrhythmias. Such as amiodarone is a potent class III antiarrhythmic agent, which inhibits IKr [38] . It has been used both in the treatment of acute lifethreatening arrhythmias as well as the chronic suppression of arrhythmias. In our study, liensinine and neferine are potent in inhibiting hERG current. So liensinine and neferine may be development for the treatment of arrhythmias.
In summary, liensinine and neferine are potent in inhibiting hERG channels by changing the channel kinetics.
Because of higher hydrophobic nature of neferine compared with liensinine, neferine is a more potent blocker of hERG channels at low concentration (<10 µM). Furthermore, our findings provide insight to compare liensinine and neferine for further clinical exploration of these drugs. Because of the comprehensive effects of gating altering, pharmacokinetics, tissue distribution and protein levels, neferine may be a more potent drug using for anti-arrhythmia even for long-term treatment.
